ABSTRACT
INTRODUCTION
In the Asia Pacific, economic growth has mostly been fueled by coal and to a lesser extent 3 oil. However, the importance of natural gas is expected to increase dramatically. This has the 4 potential to bring benefits related to energy security and the environment if the region enacts 5 policies that allow for setting national and international contracts for the provision of natural 6 gas. Unlike North America, where most gas is sold under arrangements that include a pricing 7 mechanism tied to the price of gas quoted at Henry Hub, Louisiana, natural gas pricing in the 8 Asia Pacific has historically been tied contractually to crude oil. It is only recently that 9 alternatives have been introduced as increased spot cargoes arrive from other regions. There 10 is the possibility of decreased gas prices in the Asia Pacific as additional supply is introduced 11 from North American liquefied natural gas (LNG) exports. Furthermore, when assessing the 12 potential conventional and unconventional resources of the Asia Pacific, there appears to be 13 sufficient natural gas to satisfy even the most optimistic of regional demand estimates.
14 Depending on the rate of development of these resources, the available volumes will have 15 further implications for the regional pricing mechanisms that will evolve. The dampening 16 effect on prices should lead to increased consumption and the associated benefits of natural 17 gas use. However, several obstacles must be overcome in order to reap the benefits from 18 natural gas use. Some of these include limited gas delivery infrastructure, lack of competition 19 and transparency, high transportation costs, lack of storage facilities, underdeveloped and 20 inflexible markets, and limited legal and regulatory frameworks.
22
To address the issue of physical availability, [1] use a VSD model to show there is no 23 conceivable shortage of conventional gas in the Asia Pacific. Furthermore, unconventional 24 gas resources are shown to be significantly more abundant than their conventional 25 counterparts. However, it is important to note that the vast resources do not provide energy 26 3 services unless they are first converted to reserves, which are a function of technical, 1 commercial, and institutional conditions. To assess the economic availability of natural gas in 2 the region, supply curves showing production costs versus quantities are estimated. 
MATERIAL AND METHODS

14
The following section describes the methods used in this study. The first is the GEM used to 15 model the energy mix [4], followed by the VSD for volumetric estimation of conventional 16 gas [1] , followed by the methodology to account for unconventional gas (tight, coalbed 17 methane (CBM) and shale) and, lastly, the supply curve construction. The Fisher and Pry model says that if y = f / (1 -f), a semi-logarithmic graph of y versus time Rearranging the left and right hand sides of equation 2 gives:
GLOBAL ENERGY MARKET MODEL (GEM)
For an energy source with a market fraction that is increasing with time (e.g. gases), the 16 
VARIABLE SHAPE DISTRIBUTION MODEL (VSD)
17
The VSD model gives an estimate of the conventional gas endowment in the Asia Pacific
18
provinces that have not previously been assessed. In the past, all size distribution methods
19
used to estimate oil and gas quantities were "based on an assumed form of the size-frequency 20 distribution of the natural population of oil and gas accumulations" [7] . The lognormal and nature's parent population of resources [8] . Others find the lognormal distribution provides 24 pessimistic results [9] . In general, it has been proved that the Pareto distribution 1 overestimates resources and the lognormal distribution underestimates them.
3
The VSD is different because it starts by observing the curvature displayed on log-log 4 coordinates of the assessed provinces in the United States Geological Survey (USGS) World
5
Petroleum Assessment 2000 [10] . The VSD model does not assume a distribution ex ante; 6 rather, the relationship between the number and size of provinces is defined by the data itself.
7
The initial close match means the model can be extended out of sample to include provinces 8 not previously assessed. The assessed provinces are typically the largest, meaning the 9 previously unassessed provinces tend to be smaller volumetrically. [11] .
11
The VSD function is given as:
Subject to:
Where: 20 a p -slope of Pareto line approximated from largest USGS sample points.
21
N m -minimum number of provinces (= 1).
22
N t -cumulative number of provinces.
1 N x -maximum number of provinces. ψ -separation ratio controlling the separation between the Pareto line and the VSD curve.
11
The parameter values are estimated based on visual comparison of the curves, maximization 12 of the coefficient of determination (R 2 ), and similarity of the volumes. 15 16 Once the natural gas volumes are estimated, we proceed to develop supply curves. This costs. According to [14] , historical rates have been around 1%. a. 2010 production costs for conventional gas based on [17] . b. Technology change rates assumed in this study, based on [14] . 13 c. 2030 production costs for conventional gas estimated in this study. Fluctuating growth year after year makes productivity estimates very uncertain [15, 16] . 18 Therefore, the presented rates may be overly optimistic or pessimistic.
SUPPLY CURVES
20
The distribution of conventional gas across categories is assumed to be 30% for CI, 35% for 21 CII, 20% for CIII, 10% for CIV, and 5% for CV [17] . Unconventional sources are accounted introduced originally by [18] . Solids include wood, traditional renewables, coal and uranium. Liquids include oil and hydropower, and gases include initially methane, and later wind, For the case of solids, the calculated curve was generated using the following parameters: α = It is important to recognize that a good fit of the past is not necessarily a good indicator of the 1 future. Furthermore, non-uniqueness is a basic part of any history matching procedure.
2
Uncertainty and non-ergodicity, discussed in [19] as it relates to economic change, make it 3 very complex to predict long-term energy outcomes. As a result, we attempt to address these 4 issues with some alternative cases, as shown in Figures 3 and 4 . In the first alternative case 5 (Figure 3) there is a significant increase in the contribution of solids, and a decrease in 6 liquids, to the energy mix. The gas share increases very slightly. In the second alternative 7 case (Figure 4) there is a slight decrease in the contribution of solids and a slower reduction 8 of liquids. In this case, the gas share increases significantly. 5). For more details on reserve growth, refer to [1] .
23
Unconventional gas volumes -composed of tight gas sands, CBM and shale gas -are taken 24 from [12] . The quantities are huge and have the potential to contribute to supply if regulatory 25 and environmental obstacles can be overcome. Shale gas is the most abundant (2530 TCFG), 1 followed by tight gas (2249 TCFG) and CBM (1970 TCFG).
3
The hydrogen over carbon (H/C) ratio, which can be used to represent environmental quality, 4 has been used to calculate the Asia Pacific H/C ratio shown in Figure 7 . The calculation uses 5 the fractions of wood, coal, oil and gas (starting in 1900), and the average H/C ratios: 0.10 for 6 wood, 0.5 for coal, 2.0 for oil, and 4.0 for gas. Each ratio is weighted with the actual and The significance of natural gas in the future energy mix will depend to a large extent on natural gas prices that are lower than those currently based on crude oil or other oil products.
7
The hub-based, gas-on-gas prices will be determined by the relative balance of supply and 8 demand for natural gas, which may at times be tight and thus lead to high prices. At the same Although natural gas is used primarily for electricity generation, there may be possibilities in 1 transportation if natural gas vehicles become more prevalent. Since relative prices and costs 2 determine the winners amongst competing fuels, taxes on carbon emissions are also likely to 3 favor gas instead of the more carbon-intensive fossil fuels (coal and oil). It is important to 4 note that -apart from energy policy -other economic, social, historical, and cultural factors 5 will too be important determinants of future energy outcomes.
With regard to the natural gas resource base in the Asia Pacific, both conventional and 8 unconventional quantities are found to be abundant. Figure 5 shows VSD-generated curves gas (tight, CBM, shale), [12] gives a total endowment of 6749 TCFG.
14
The supply curves in Figure 6 show that the conventional and unconventional gas resources 15 can be produced below market prices in the Asia region. As was the case in the past, 16 technological progress is likely to decrease costs in the future. A GEM model is used to assess the past, present and future of the Asia Pacific energy 21 market. It is effective in matching the historical primary energy mix from 1850 to the present.
22
In addition, the GEM provides a good match of the H/C ratio (which represents The GEM findings also indicate there could be potential for solids, but significant 4 technological advances will be required to make these environmentally viable (and safe in the 5 case of uranium/nuclear). In the GEM reference case, about 46% of the energy mix is 6 provided by solids, 34% by liquids and 20% by gases in 2030. Since the past is not always a 7 useful indication of the future, two alternative cases of the energy mix are generated. A VSD model is also to estimate the conventional gas endowment in previously unevaluated [20] Stern R and H Rogers. The transition to hub-based gas pricing in continental Europe.
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